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ABSTRACT
We investigate structural properties of old, metal-poor globular clusters (GCs)
formed at high redshifts (z > 6) and located inside and outside virialized galaxy-scale
halos in clusters of galaxies with the total masses ofMCL based on high-resolution cos-
mological simulations with models of GC formation. We mainly derive the parameter
dependences of physical properties of intracluster GCs (ICGCs) based on the results
of 14 cluster models. Our principle results are summarized as follows.
(1) ICGCs are formed as a result of tidal stripping of GCs initially within galaxy-
scale halos during hierarchical growth of clusters via halo merging. These ICGCs
comprise 20-40 % of all GCs in clusters with 1.0 × 1014M⊙ 6 MCL 6 6.5 × 10
14M⊙
and the number fraction of ICGCs does not depend onMCL for the above cluster mass
range.
(2) The projected radial density profiles (ΣGC) of ICGCs in clusters with different
MCL can be diverse, though ICGCs have inhomogeneous, asymmetric, and somewhat
elongated distributions in most models. If ΣGC(R) ∝ R
α, α ranges from ≈ −1.5 to
≈ −2.5 for GCs in clusters with the above mass range.
(3) Although total number of GCs within the central 0.05 Mpc (NGC,0.05) and
0.2 Mpc (NGC,0.2) are diverse in different clusters, they can depend weakly on MCL
in such a way that both NGC,0.05 and NGC,0.2 are likely to be larger for clusters with
larger MCL.
(4) Total number of GCs per cluster masses (specific frequency of GCs for clusters
of galaxies) are more likely to be larger in more massive clusters, mainly because a
larger number of earlier virialized objects can be located in more massive clusters.
(5) Radial density distributions of all GCs including ICGCs and galactic GCs have
steeper profiles than those of the background dark matter halos in the central regions
of clusters (R < 200kpc) with different MCL.
(6) Spatial distributions of old GCs in clusters can depend on the truncation epoch
of GC formation (ztrun) such that they can be steeper and more compact in the models
with higher ztrun.
(7) The mean metallicity of ICGCs in a cluster can be smaller than that of GCs
within the cluster member galaxy-scale halos by ∼ 0.3 in [Fe/H]. Metallicity distribu-
tion functions (MDFs) of ICGCs show peak values around [Fe/H] ∼ −1.6 and do not
have remarkable bimodality.
Key words: globular clusters: general – galaxies: star clusters — galaxies: elliptical
and lenticular — galaxies:evolution – galaxies: interactions
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1 INTRODUCTION
Structural, kinematical, and chemical properties of glob-
ular cluster systems (GCSs) have long provided valuable
clues to the better understanding of how galaxies form and
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Table 1. Meaning of acronym
INGC INtergalactic GCs
ICGC IntraCluster GCs
IGGC IntraGroup GCs
GGC Galactic GCs
evolve (e.g., Harris 1991; West et al. 2004). In particular, the
specific frequencies (SN), colour bimodality, and structural
properties of GCSs have been discussed extensively in many
different contexts of galaxy formation (e.g., Searle & Zinn
1978; Forbes et al. 1997; Ashman & Zepf 1998; Brodie et al.
1998; Coˆte et al. 2001; Beasley et al. 2002; Bekki et al. 2002).
The physical properties of globular clusters (GCs) however
have not been so far considered as fossil records that contain
valuable information on how groups and clusters of galaxies
were formed and evolved. Furthermore, GC properties char-
acteristics of giants Es located in the central regions of clus-
ters (e.g., very high SN) have not been extensively discussed
in the context of cluster formation processes via hierarchical
merging of smaller groups and clusters of galaxies.
Observational studies of GCs in clusters of galaxies
have suggested that there can be a population of GCs that
are bounded by cluster gravitational potentials rather than
those of cluster member galaxies (e.g., White 1987; Bassino
et al. 2002, 2003; Jorda´n et al. 2003). Mar´in-Franch &
Aparicio (2003) investigated whether these intracluster GCs
(“ICGCs”) exist in the Coma cluster using surface bright-
ness fluctuations, and concluded that ICGCs are highly un-
likely to exist in the Coma. West et al. (1995) suggested
that the observed large variations in GC number (or SN)
between central giant Es in different clusters are due to the
existence of a population of GCs that are not bounded to
individual galaxies but move freely throughout the core of
clusters galaxies. If very high SN in central Es in some clus-
ters (e.g., Abell 2052) are due to larger number of ICGCs in
the clusters, it is an essentially important question why only
some clusters of galaxies contain larger number of ICGCs.
A new type of sub-luminous and extremely compact
“dwarf galaxy” has been recently discovered in an ‘all-
object’ spectroscopic survey centred on the Fornax Clus-
ter (Drinkwater et al. 2000; 2003). These “dwarf galaxies”,
which are members of the Fornax Cluster, have intrinsic
sizes of ∼ 100 pc and absolute B band magnitude ranging
from −13 to −11 mag and are thus called “ultra-compact
dwarf” (UCD) galaxies. Structural and kinematical studies
of this new population of very bright “star clusters” have
also suggested that these clusters can be also freely float-
ing intracluster objects (Mieske et al. 2004; Drinkwater et
al. 2005; Jones et al. 2005). The observed compact spatial
distribution and smaller velocity dispersion of this possible
intracluster population in the Fornax cluster has not been
clearly explained in a self-consistent manner by previous the-
oretical studies (e.g., Jones et al. 2005).
Physical properties of intracluster stellar objects such as
ICGCs and PNe are considered to be sensitive to dark mat-
ter properties and cluster-related physical processes (e.g.,
tidal stripping of GCs and hierarchical growth of clusters)
and thus provide some fossil information on formation of
galaxies and clusters of galaxies (e.g., Arnaboldi 2004 for a
recent review). However there has been little theoretical and
numerical works carried out as to how ICGCs are formed
in clusters environments (e.g., Forte et al. 1982; Muzzio
1987; Bekki et al. 2003). These previous models showed that
tidal stripping of GCs from cluster member galaxies though
galaxy-galaxy and galaxy-cluster interaction is a mechanism
for ICGC formation. These previous works however used
fixed gravitational potentials of already virialized clusters
and accordingly could not discuss how ICGCs in a cluster
are formed as the cluster grows through hierarchical merging
of smaller groups and clusters.
These previous observational and theoretical studies
have raised many questions, the most significant being: (i)
How are ICGC formed under the currently favored cold dark
matter (CDM) theory of galaxy formation ? (ii) What phys-
ical properties can ICGCs have if their formation is closely
associated with hierarchical formation of clusters ? (iii) Are
there any correlations between physical properties of ICGCs
and global properties (e.g., masses and X-ray temperature)
of their host clusters of galaxies ? (iv) Is the origin of very
high SN of central giants Es in some clusters closely asso-
ciated with the formation processes of clusters of galaxies
(e.g., galaxy accretion from fields) ? and (v) Are there any
differences in radial distributions and kinematics between
UCDs and ICGCs ?
In order to answer these questions in a fully self-
consistent manner, we need to model both (1) dynamical
evolution of GCs (e.g., tidal stripping and accretion of GCs)
during hierarchical growth of clusters of galaxies and (2) for-
mation of GCs at low and high redshifts in clusters environ-
ments. Although recent high-resolution cosmological N-body
simulations with total particle number of ∼ 108 (e.g., Ya-
hagi & Bekki 2005; YB) can allow us to address the above
point (1), our poor understanding of the above point (2)
on physical conditions required for GC formation in galax-
ies (e.g., Ashman & Zepf 1998) would make it difficult for
us to have robust conclusions for the above five problems.
However, considering recent significant development in ob-
servational studies on GCs in nearby clusters (e.g., Dirsch
et al. 2003; Jorda´n et al. 2003; Richtler et al. 2004), it is
still doubtlessly worthwhile to provide some theoretical pre-
dictions that can be tested against these latest and future
observational results.
The purpose of this paper is thus to investigate ex-
tensively physical properties of GCs in clusters of galaxies
based on high-resolution cosmological simulations that can
follow both hierarchical growth of clusters through merging
of smaller subhalos and dynamical evolution of old GCs. We
particularly investigate global (∼ Mpc scale) density distri-
butions and kinematics both for ICGCs and for GCs that are
within galaxy-scale halos in clusters (referred to as “GGCs”
for convenience). Because of some uncertainty in the mod-
eling of the formation processes of young, metal-rich GCs
(e.g., Bekki et al. 2002), we investigate physical properties
of cluster GCs that were formed at high redshift z > 6. Ac-
cordingly, the present study is regarded as only the first step
toward better understanding the nature of GCs in clusters
of galaxies: The results of our simulations may well be com-
pared with observations on “blue GCs” in a more reasonable
way.
The plan of the paper is as follows: In the next section,
we describe our numerical models for dynamical evolution
of GCs in forming clusters of galaxies. In §3, we present the
numerical results mainly on radial distributions and kine-
c© 2005 RAS, MNRAS 000, 1–??
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Table 2. Brief summary of the results for each model
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Model no. a MCL (×10
14M⊙) NGC,CL
b SN,CL
c R10 (Mpc) R50 (Mpc) fICGC NGC,0.05
d NGC,0.2
e
CL1 6.5 6868 0.11 0.026 0.76 0.29 1098 2084
CL2 3.1 3449 0.11 0.014 0.21 0.31 962 1699
CL3 2.9 3248 0.11 0.026 0.51 0.40 479 947
CL4 2.3 3788 0.17 0.012 0.12 0.18 1348 2262
CL5 2.0 2251 0.11 0.013 0.50 0.27 597 944
CL6 1.8 2214 0.13 0.011 0.33 0.24 766 1052
CL7 1.7 2197 0.13 0.068 0.32 0.37 145 762
CL8 1.5 1905 0.12 0.030 0.23 0.27 292 883
CL9 1.4 1685 0.12 0.013 0.24 0.25 470 801
CL10 1.3 1649 0.13 0.028 0.31 0.29 311 717
CL11 1.2 1347 0.11 0.028 0.23 0.29 224 620
CL12 1.1 795 0.07 0.035 0.37 0.35 104 235
CL13 1.0 1580 0.15 0.029 0.33 0.31 248 640
CL14 1.0 1042 0.10 0.028 0.34 0.28 186 444
a The results of the cluster-scale halos with the total masses (MCL) larger than 10
14M⊙ are described.
b Total number of GCs in a cluster-scale halo.
c Specific frequency of cluster GCs. This is defined as total GC number per mass for a cluster of galaxies and given in units of number/1010M⊙.
d Total number of GCs within 0.05 Mpc.
e Total number of GCs within 0.2 Mpc.
matics of GCs in clusters with different masses. In §4, we
discuss (1) the origin of very high SN of giant Es in the cen-
tral regions of some clusters, (2) the origin of UCDs, and (3)
the importance of the epoch of the truncation of GC forma-
tion by reionization in spatial distributions of cluster GCs.
These points were not discussed at all in YB. We summarize
our conclusions in §5.
Throughout this paper, we use ICGCs rather than ICG
(West et al. 1995) in order to distinguish between intragroup
GCs (IGGCs) and intracluster GCs (ICGCs). GCs within
any galaxy-scale halos in a cluster-scale halo are referred
to as GGCs so that they can be distinguished from ICGCs
(Note that these GGCs are not the Galactic GCs). GCs that
were formed within subhalos at z > 6 yet are not within
any virialized halos at z = 0 can be regarded as “intergalac-
tic” (van den Bergh 1958) or “intercluster” (“intergroup”)
GCs (YB). Intergalactic, intergroup, and intercluster GCs
are simply referred to as INGCs, because these three GC
populations would be difficult to be distinguished with one
another in observations. For clarity and convenience, the
meanings of these acronym are given in Table 1.
2 THE MODEL
We first identify hypothetical “GC particles” at high red-
shifts (z > 6) in the high-resolution, collisionless cosmo-
logical N-body simulation and then follow their dynamical
evolution till z = 0. We mainly investigate structural and
kinematical properties of the simulated “GC particles” that
are located in cluster-scale halos with MCL > 10
14M⊙ at
z = 0.
2.1 Identification of “GC” particles
We simulate the large scale structure of GCs in a ΛCDM
Universe with Ω = 0.3, Λ = 0.7, H0 = 70 km s
−1 Mpc−1,
and σ8 = 0.9 by using the Adaptive Mesh Refinement
N−body code developed by Yahagi (2005) and Yahagi et al.
(2004), which is a vectorized and parallelized version of the
code described in Yahagi & Yoshii (2001). We use 5123 colli-
sionless dark matter (DM) particles in a simulation with the
box size of 70h−1Mpc and the total mass of 4.08× 1016M⊙.
We start simulations at z = 41 and follow it till z = 0 in
order to investigate physical properties of old GCs outside
and inside virialized dark matter halos at z = 0. We used the
COSMICS (Cosmological Initial Conditions and Microwave
Anisotropy Codes), which is a package of fortran programs
for generating Gaussian random initial conditions for non-
linear structure formation simulations (Bertschinger 1995,
2001).
The way of investigating GC properties is described as
follows. Firstly we select virialized dark matter subhalos at
z = ztrun by using the friends-of-friends (FoF) algorithm
(Davis et al. 1985) with a fixed linking length of 0.2 times
the mean DM particle separation. For each individual virial-
ized subhalo with the half-mass radius of Rh, some fraction
(fgc) of particles within Rh/3 are labeled as “GC” parti-
cles. This procedure for defining GC particles is based on
the assumption that energy dissipation via radiative cool-
ing allows baryon to fall into the deepest potential well of
dark-matter halos and finally to be converted into GCs. The
value of Rh/3 is chosen, because the size of the Galactic
GC system is similar to Rh/3 of the dark matter halo in
the dynamical model of the Galaxy (Bekki et al. 2005). We
assume that old, metal-poor globular cluster formation is
truncated after z = ztrun, because previous theoretical stud-
ies demonstrated that such truncation of GC formation by
some physical mechanisms (e.g., reionization) is necessary
for explaining the color bimodality of GCs, very high spe-
cific frequency (SN) in cluster Es, and structural properties
of the Galactic old stars and GCs (e.g., Beasley et al. 2002;
Santos 2003; Bekki 2005; Bekki & Chiba 2005).
Secondly we follow the dynamical evolution of GC par-
ticles formed before z = ztrun till z = 0 and thereby de-
c© 2005 RAS, MNRAS 000, 1–??
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Figure 1. The large scale structure of old GCs formed at z > 6 projected onto the x-y plane (left) and the x-z one (right). GCs that
are not within any virialized halos at z = 0 (INGCs) are plotted by bigger magenta dots whereas those within halos are plotted by cyan
dots. A frame measures 100 Mpc for the two panels. The square region shown by a thick solid line is the region where GCs in the fiducial
cluster model (CL1) are located. The detailed distribution of GCs in the CL1 model is shown in Fig. 2.
rive locations ((x, y, z)) and velocities ((vx, vy, vz)) of GCs
at z = 0. We then identify virialized halos at z = 0 with
the FoF algorithm and investigate whether each of GCs is
within the halos. If a GC is found to be within a halo, the
mass of the host halo (Mh) and the distance of the GC from
the center of the halo (Rgc) are investigated. If a GC is not
in any halos, it is regarded as an intergalactic GC (“INGC”)
and the distance (Rnei) between the INGC and the nearest
neighbor halo and the mass of the halo (Mh,nei) are inves-
tigated. If a GC is found to be within a cluster-size halo
(Mh > 10
14M⊙), we investigate which galaxy-scale halo in
the cluster-scale halo contains the GC. If we find the GC
within the tidal radius of one of galaxy-scale halos in the
cluster-scale halo, it is regarded as a galactic GC (GGC):
Otherwise it is regarded as an ICGC. The way to select
galaxy-scale halos within a cluster-scale halo is given in the
Appendix A. Furthermore the details of the method to de-
termine the tidal radius of the GCS in each galaxy-scale halo
in a cluster are given and discussed in the Appendix B.
Thus, the present simulations enable us to investigate
physical properties only for old GCS owing to the adopted
assumptions of collisionless simulations: Physical properties
of metal-rich GCs lately formed during secondary dissipa-
tive galaxy merger events at lower redshifts (e.g., Ashman
& Zepf 1992) can not be predicted by this study. We present
the results of the model with ztrun = 6, 10, and 15. If ztrun
is closely associated with the completion of cosmic reioniza-
tion, ztrun may well range from 6 (Fan et al. 2003) to 20
(Kogut et al. 2003). Physical properties of hypothetical GC
particles for ICGCs in clusters with Mh > 10
14M⊙ are de-
scribed for the models with fgc = 0.2 in which the number
ratio of GC particles to all particles is 1.5× 10−3 at z = 0.
This value of 0.2 for fgc was chosen such that the typical
subhalo at z=6 (Mh ∼ 1.8× 10
10M⊙) can have at least one
“GC particle” within Rtr,gc in the simulation with the mass
resolution of ∼ 3×108M⊙. The present results do not depend
on fgc at all as long as fgc > 0.1. The dependences of the
present results on fgc > 0.1 are discussed in the Appendix
C. The minimum particle number (Nmin) that is required
for halo identification is set to be 10.
We assume that the initial radial (r) profiles of GCSs
(ρ(r)) in subhalos at z = 6 are the same as those of the simu-
lated dark matter halos that can have the universal “NFW”
profiles (Navarro, Frenk, & White 1996) with ρ(r) ∝ r−3 in
their outer parts. The mean mass of subhalos at z=6 in the
present simulations is roughly 1.8× 1010M⊙, which is simi-
lar to the total mass of bright dwarf galaxies. Minniti et al.
(1996) found that the projected (R) density profiles of GCSs
in dwarfs is approximated as ρ(R) ∝ R−2, which is trans-
lated roughly as ρ(r) ∝ r−3 by using a canonical conver-
sion formula from ρ(R) into ρ(r) (Binney & Tremaine 1987).
Therefore, the above assumption on ρ(r) can be regarded as
reasonable. Thus we mainly show the fiducial model with
ρ(r) similar to the NFW profiles and Rtr,gc = Rh/3.
Although we base our GC models on observational re-
sults of GCSs at z=0, we can not confirm whether the above
ρ(r) and Rtr,gc of the fiducial model are really the most prob-
able (and the best) for GCSs for low-mass subhalos at z=6
owing to the lack of observational studies of GCSs at high
redshifts. As our previous paper (YB) showed, the numeri-
cal results can depend on initial ρ(r) and Rtr,gc of subhalos
at z = 6. For example, the number fraction of INGCs can
be a factor of ∼ 2 larger in the models with Rtr,gc = Rh/3
than in those with Rtr,gc = Rh/6 both for the NFW and
the power-law GC density profiles. The number fraction of
INGCs or ICGCs (IGGCs) can be larger for models with
c© 2005 RAS, MNRAS 000, 1–??
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less centrally concentrated initial GC distributions in the
present study. These suggest that the observed properties of
INGCs and ICGCs (IGGCs) can give some constraints on
initial GC distributions in subhalos at high z, if they are
compared with the corresponding simulations as those done
in the present study.
2.2 “GN” particles
We consider that a GC particle in the very center of a galaxy-
scale halo at z = ztrun is a “galactic nucleus” (GN) particle:
The central particle within Rh/3 of each individual virialized
subhalo at z = 6 is labeled as GN and other particles within
Rh/3 are labeled as GCs. It should be stressed here that al-
though we follow dynamical evolution of GCs and GNs till
z = 0, both GCs and GNs at z = 6 are regarded as GCs at
z = 0. We do not discriminate GC and GN particles in most
investigation, because (1) results are not so remarkably dif-
ferent between GCs and GNs and (2) it would be very hard
to observationally discriminate between GCs and (stripped)
GNs owing to the observed similarity in physical properties
of GCs and GNs (e.g., Walcher et al. 2005). However, in or-
der to discuss the origin of dE,Ns and UCDs in §4, we try
to investigate separately some physical properties of GCs at
z = 0 originating from GNs at z = 6 and those from GCs
at z = 6. Thus only some key results on GN particles (e.g.,
radial distributions of GNs at z = 6) are described in §3.3.
Number ratio of GN to GC particles (fgn) is typically
0.1 in the model with ztrun = 6 for the cluster-scale ha-
los with 1014M⊙ 6 MCL. However, the value of this fgn
should be carefully compared with the corresponding ob-
servations, because one GC particle (with the mass equal
to 3.0 × 108M⊙) does not mean one GC in the present
study. Total number of GCs in the simulation is 207081 (for
fgc = 0.2), which means that the GC number per mass (ǫsim)
is 5.1× 10−12 number/M⊙. McLaughlin (1999) showed that
total number of initial GCs in a galaxy can decrease by a
factor of 25 within the Hubble time owing to GC destruction
by the combination effect of galactic tidal fields and inter-
nal GC evolution (e.g., mass loss from massive and evolved
stars). This means that the initial GC number per mass
(ǫobs) is about 1.8 × 10
−9 for the Galaxy with the mass of
≈ 2.0 × 1012 M⊙ (Wilkinson & Evans 1999) and the ob-
served GC number of 140 (van den Bergh 2000). Therefore
it is quite reasonable to consider that fgn × ǫsim/ǫobs (typ-
ically ǫsim/ǫobs ∼ 0.003) rather than simple fgn for each
cluster-scale halo is the value that should be compared with
observation.
2.3 Main points of analysis
We select 14 virialized cluster-scale halos with the total viri-
alized masses (Mh) larger than 10
14M⊙ at z = 0 from the
abovementioned cosmological N-body simulation in which
27 cluster-scale halos can be formed within the Hubble time.
Although we have already described some results of the most
massive cluster model in YB, this paper first describes de-
pendences of the physical properties of ICGCs onMh for dif-
ferent 14 cluster models. Therefore, we can discuss whether
the results in YB can be also true for models with different
cluster masses in the present study.
-2 0 2
-2
0
2
X-axis (Mpc)
Figure 2. Distributions of GCs projected onto the x-y plane at
z = 0 for the fiducial model CL1 with the total mass of 6.5 ×
1014M⊙. GCs within circles represent those within tidal radii of
galaxy-scale halos (GGCs) and the radii of the circles represent
the tidal radii. GCs that are not within any circles are regarded
as intracluster GCs (ICGCs).
0 5 10
0
2
4
6
Time (Gyr)
CL1 (fiducial)
Figure 3. Time evolution of total masses of halos that are viri-
alized at z > 6, have Mh > 10
11M⊙ at z = 6, and belong to
the cluster of galaxies at z = 0 in the fiducial cluster model CL1.
Each line represents the mass of a halo from z = 6 to z = 0. This
figure therefore shows the mass growth history of the cluster via
hierarchical clustering.
We first describe some generic results and then those
that depend onMh and model parameters. We first describe
physical properties of hypothetical GC particles for GGCs
and ICGCs in the “fiducial model” withMh = 6.5×10
14M⊙
(§3.1), which show some generic results on radial density
profiles and kinematics of GGCs and ICGCs. Then we show
the dependences of the results on Mh and ztrun (§3.2). In
particular, we focus on how the total number and radial
density profiles of GCs in the central regions of clusters can
depend on Mh, because recent wide-field photometric study
c© 2005 RAS, MNRAS 000, 1–??
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0.1 1
0.0001
0.001
0.01
0.1
1
R (Mpc)
-1.5
-2.0
-2.5
GGCs
ICGCs
All GCs
Figure 4. Projected radial density profiles of GCs (ΣGC) for all GGCs (blue thin solid), ICGCs (red thick solid), and all GCs (green thick
dashed) in the cluster CL1. For clarity, the density distributions are normalized to their maximum values. Thin dotted lines represent
power-law slopes (α) of α = −2.5, −2.0, −1.5, and −1.0.
0.01 0.1
0.0001
0.001
0.01
0.1
1
R (Mpc)
-1.5
-2.0
-2.5
All GCs
Figure 5. The same as Fig. 4 but for all GCs within the central
200 kpc of the cluster CL1.
0 0.05 0.1 0.15 0.2
0
0.05
0.1
0.15
Projected distance (Mpc)
Figure 6. The radial gradient of the GC number ratio of
NGC,Zf>15 to NGC,Zf>6 in the CL1, where NGC,Zf>15 and
NGC,Zf>6 represent GCs formed before z = 15 and z = 6, re-
spectively. This figure accordingly shows the age gradient of GCs
in the central region of the cluster.
of GCs in clusters (e.g., Dirsch et al. 2003) have begun to
reveal global structure and kinematics of GCs in the central
regions of clusters.
Table 2 summarises briefly the results for each model:
Model number (column 1), total masses of cluster-scale ha-
los MCL (2), total number of GCs in the clusters NGC,CL
(3), specific frequency of GCs for clusters SN,CL (4), radius
within which 10 % of GCs are includedR10 (5), radius within
which 50 % of GCs are included R50 (6), number fraction
of ICGCs fICGC (7), total number of GCs within the cen-
tral 0.05 Mpc NGC,0.05 (8), and total number of GCs within
the central 0.2 Mpc NGC,0.2 (9). SN,CL is defined as the to-
tal number of GCs per a cluster mass and given in units of
number/1010M⊙. All of these results are for the model with
fgc = 0.2 and the derived parameter dependences on MCL
and ztrun does not depend on fgc = 0.2.
3 RESULTS
3.1 The fiducial cluster model
Fig. 1 shows the large scale (∼ 100Mpc) structure of old
GCs formed at z > 6 for the model with ztrun = 6 at
z = 0. The simulated GC large scale distribution shows
strong clustering and appears to be quite similar to dark
matter distributions simulated in previous numerical works
(e.g., Yahagi et al. 2002). About 28 % of all GCs are located
within cluster-scale halos with Mh > 10
14M⊙ About 99% of
all GCs formed before z = 6 are located in galaxy-scale or
cluster-scale (or group-scale) halos at z = 0, which means
that only 1% of the GCs can be outside any virialzied ha-
los and thus can be identified as intergalactic or intercluster
GCs (“INGCs”). The predicted physical properties of these
INGCs are described in detail in our previous paper (YB).
Fig. 2 shows the spatial distributions of GCs inside and
outside galaxy-scale halos in the fiducial cluster model CL1
c© 2005 RAS, MNRAS 000, 1–??
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Figure 7. Distribution of radial velocities of ICGCs (solid) and
GGCs (dotted) projected onto the x-y plane (top), the x-z one
(middle), and the y-z one (bottom) for the CL1. For clarity and
comparison, the number of GCs normalized to maximum values
for each GC population is shown for each projection.
withMh (orMCL) = 6.5×10
14M⊙. About 29 % of GCs in the
cluster CL1 are not within any galaxy-scale halos in the clus-
ter so that they can be identified as ICGCs. These ICGCs
were GCs and GNs of smaller galaxy-scale halos before z = 6
and tidally stripped from the halos to become ICGCs dur-
ing the growth of the cluster via hierarchical merging of the
halos. The number fraction of GCs at z = 0 that were previ-
ously nuclei at z > 6 (i.e., GNs) is about 0.2, which implies
that a significant fraction of ICGCs can show physical prop-
erties atypical of normal GCs (e.g., bimodal/multiple metal-
licity distributions seen in the most massive Galactic GC,
ω Cen). The ICGCs that were initially nuclei of relatively
massive halos (Mh > 10
10M⊙ corresponding to host halos of
bright dwarf galaxies with MB < −16 mag for M/L ≈ 10)
at z > 6 can be the possible candidates of UCDs, because
these halos (dwarfs) are observed to contain bright nuclei
(i.e., progenitors of UCDs).
Fig.2 also shows that the distribution of ICGCs is inho-
mogeneous, asymmetric, and somewhat elongated, in partic-
ular, in the outer part of the cluster, where a substructure
(corresponding to an infalling group of galaxies) can be seen
(i.e., around (X,Y ) = (−1.7,−1.0) Mpc)). The asymmetric
structure of ICGC distribution seen in the simulation can be
seen in the observation by Bassino et al. (2006) for the cen-
tral region of the Fornax cluster. The simulated elongated
structure is similar to the observed distributions of intra-
cluster stellar light discovered by Zibetti et al. for clusters
of galaxies (2005) at z ∼ 0.25. The simulated inhomogeneous
and elongated ICGC distributions can be seen in most mod-
els of the present study.
Fig. 3 clearly shows that the cluster grows slowly over
the Hubble time via minor merging or accretion of group-
scale or galaxy-scale halos rather than via violent major
merging with the mass ratios of two groups and clusters as
large as 0.5− 1.0. This suggests that tidal stripping of GCs
initially within smaller halos with GCs during accretion of
the halos is one of the main mechanism of ICGC formation:
Violent major merging that can significantly change spatial
distributions of GCs is a rare event in this rich cluster. The
cluster finally can contain about 3.4 % of all GCs formed at
z > 6 in the simulation box.
Fig. 4 shows that there is a significant difference in the
slope α of the projected GC distribution (i.e., ΣGC ∝ R
α)
between GGCs and INGCs: The distribution of ICGCs is
significantly flatter than that of GGCs in the central few
hundreds kpc of the cluster. A least square fit to the simu-
lation data shown in Fig. 4 gives α ≈ −2.4 for GGCs and
α ≈ −0.7 for ICGCs in the central region of the cluster.
Since ICGCs are selected on the base of whether GCs are
well outside the tidal radii of GCSs of galaxy-scale halos in
the present simulation, it would not be so difficult for ob-
servational studies to select ICGCs from all GCs in clusters
in the same way as the present study does. It is accord-
ingly doubtlessly worthwhile to compare the results in Fig.
4 and those derived in future wide-field imaging of cluster
GCs (e.g., Richtler et al. 2004) to understand the origin of
ICGCs.
Fig.5 shows that ΣGC of all GCs in the central region of
the cluster CL1 is quite flat (α ≈ −1.5 for R < 20kpc). Since
these central GCs can be observationally identified as GCs
within the central galaxy of a cluster (e.g., cDs and BCDs),
the result in Fig. 5 implies that the GCS of the central giant
galaxy in a cluster has a flat ΣGC. The derived α value of
−1.5 is actually similar to those observed for very bright
Es with MV < −23 mag, most of which are central giant
Es in clusters (Ashman & Zepf 1998). The total number
of GCs within the central 50 kpc (NGC,0.05) and 200 kpc
(NGC,0.2) is 1098 and 2084, respectively, which corresponds
to 16 % and 30%, respetively, of all GCs in the cluster CL1.
This centrally concentrated distribution of old GCs is one
of generic results in the present study.
Fig. 6 shows the radial distribution of the number ratio
of GCs formed at z > 15 (NGC,Zf>15) and those at z > 6
(NGC,Zf>6) in central 200 kpc of the cluster CL1. This ra-
dial distribution, which can be regarded as an age gradient
of GCs, has a negative gradient and thus suggests that the
inner cluster GCs are more likely to be older than the outer
ones. This is probably because galaxy-scale halos that are
formed and virialized at higher redshifts and have higher
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Figure 8. Dependence of fICGCs on MCL for the 14 clusters.
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Figure 9. The same as Fig. 4 but for all GCs (upper) and ICGCs
(lower) in the 14 clusters.
mass densities can finally reside in the inner regions of clus-
ters. However, the derived age gradient is not so large (∼ 0.5
Gyr for the adopted cosmology) that it would be observa-
tionally difficult to prove it.
Fig. 7 shows the difference in the radial velocity (Vr;
line-of-sight-velocity) between GGCs and ICGCs for the
three projections for the cluster CL1. There are no remark-
able differences in the Vr distributions between the two GC
populations, though ICGCs have only slightly larger veloc-
ity dispersion than GGCs in the x-y projection. Both GC
populations show asymmetric Vr distributions in the x-y and
the y-z projections owing to the presence of infalling small
groups of galaxies in this cluster CL1. These results suggest
that the differences in kinematics between GGCs and ICGCs
can not be so clearly observed.
3.2 Parameter dependences
Although the numerical results of some structural and kine-
matical properties of GCs (e.g., flat ICGC distributions) are
similar to one another between the fiducial cluster model
0.01 0.1
0.0001
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All GCs
Figure 10. The same as Fig. 5 but for all GCs in the 14 clusters.
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0
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1000
1500
2000
Figure 11. Dependences of total number of GCs within the
central 50 kpc (upper) and 200kpc (lower) of clusters on MCL.
Note that a weak correlation between the GC number and MCL
can be seen in both panels.
CL1 and other cluster models, several physical properties
of cluster GCs are quite diverse depending on the cluster
masses (MCL) and the model parameters (e.g., ztrun). In
Figs. 8− 15, we illustrate the derived dependences on MCL
and ztrun.
3.2.1 MCL
We find the following results:
(i) The number fraction of ICGCs (fICGC) does not
depend on MCL for the cluster mass range of 1.0 6
MCL/10
14M⊙ 6 6.5 (Fig. 8). The derived fICGC is diverse
ranging from 0.18 to 0.40 and this diversity is due to the
differences of merging histories of clusters.
(ii) The projected radial density profiles (ΣGC(R)) for
all GCs can be diverse with −1.5 < α < −2.5 in the models
with different MCL. These differences are due to the differ-
ences in merging histories between clusters with different
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Figure 12. Dependences of R10 (upper) and R10/R50 (lower) of
GCs in clusters on MCL, where R10 and R50 are the radii within
which 10 % and 50 % of all GCs are located, respectively. Note
that both R10 and R10/R50 have no remarkable correlations with
MCL.
MCL (Fig. 9). Irrespective of MCL, ICGCs show flat profiles
in the central ∼ 0.2 Mpc of clusters. If we fit the profiles
to ΣGC ∝ (1 +Rc/R)
α, where Rc corresponds to the core
radius of a profile, we derive 0.03 6 Rc 6 0.39 (Mpc) and
−4.0 6 α 6 −1.4.
(iii) The projected radial density profiles of GCs for the
central 100 kpc is more likely to be significantly flatter than
those for the entire cluster regions (R < 2 Mpc). The slopes
α of the inner GC profiles can become as flat as −1.0 (Fig.
10), which is similar to those observed for the central giant
Es in some clusters. The derived slopes are quite diverse
ranging from ≈ −2.0 to ≈ −1.0 for the simulated cluster
mass range.
(iv) Both NGC,0.05 and NGC,0.2 are more likely to be
larger for larger MCL (Fig. 11). This result implies that
more massive cluster are more likely to have higher den-
sities of old GCs. Also this suggests that central giants Es
in more massive clusters can have higher SN of old GCs than
those in less massive clusters owing to the higher central GC
number densities. However there are no clear trends in the
relationships between MCL, R10, and R10/R50 (Fig. 12).
(v) The ratio of NGC to Mh (or MCL), which is re-
ferred to as “GC specific frequency for clusters (groups)”
and represented as SN,CL), depends weakly on Mh in the
sense that SN,CL is higher for more massive group-scale or
cluster-scale halos (Fig. 13). This is because more massive
groups/clusters are formed from a larger number of smaller
halos that are formed at z > 6 (i.e., z > ztrun) and thus can
have GCs. Larger dispersion of SN,CL can be seen for groups
and clusters with smaller masses.
12 13 14 15
0
0.005
0.01
0.015
Figure 13. The dependence of NGC/Mh on Mh for all group-
scale (Mh ≈ 10
12 − 1014M⊙) and cluster-scale (Mh ≈ 10
14 −
1015M⊙) halos. This ratio of NGC/Mh on Mh is referred to as
“specific frequency of cluster GCs” and represented as SN,CL. The
error bars in each Mh bin are estimated as SN,CL/
√
2(Ni − 1),
where Ni is the total number of particles in each bin. The small
dots represent SN,CL of all group-scale and cluster-scale halos.
Note that dispersion of SN,CL appears to be larger in groups
with smaller masses.
3.2.2 ztrun
As shown in Fig. 14, the GC distributions are quite differ-
ent between models with different ztrun. The model with
ztrun = 6 has a wider distribution and a larger number of
substructures in the GC distribution whereas the model with
ztrun = 15 has a very compact distribution with little sub-
structures. The surface number densities of ICGCs in models
with higher ztrun can be lower, which implies that the ICGC
distributions can give some constraints on ztrun. The derived
tendency that the models with higher ztrun have more com-
pact distributions and less substructures is discussed later in
§4.4 in the context of reionization influence of GC formation
in clusters of galaxies.
3.3 GNs
The number ratio of GNs to GCs (fgn) ranges from 0.08 to
0.14 for the clusters (CL1 - CL14) and fgn does not depend
on MCL (almost constant at ∼ 0.1). The derived fgn means
that the possible GN-GC number ratio to be observed in
clusters range from 2.3×10−4 to 4.1×10−4 (See §2.2 for the
conversion from the simulated value to the observable one).
The cluster CL1 with NGC = 6868 can have observable 760
GCs at z = 0 that were previously nuclei of smaller galaxy-
scale halos at z = 6. Owing to the almost constant value of
fgn for different MCL, more massive clusters are more likely
to have a larger number of GCs that were galactic nuclei of
galaxy-scale halos at z = 6.
We do not find any remarkable differences in radial dis-
tributions and kinematics within clusters between GNs and
GCs when we separately investigate these properties of GNs
and GCs. However we find that the distributions of GCs
at z = 0 that were formed from GNs of massive galaxy-
scale halos with Mh ≈ 10
11M⊙ have different distributions
from other GCs in clusters. For example, the half-number
radius (R50) of GCs formed from GNs of massive halos with
Mh = 2 × 10
11M⊙ at z = 6 is 0.41 Mpc for the CL1 clus-
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Figure 14. The distributions of all GCs in the cluster CL1 for the models with ztrun = 6 (left), 10 (middle), and 15 (right). Note that
the models with larger ztrun show more compact GC distributions.
ter and 0.026 Mpc for the CL14 one. These values of R50
are significantly smaller than those of GCs in these clusters:
R50=0.76 Mpc for GCs of the CL1 and 0.34 Mpc for GCs of
the CL14. This is due to the fact that the central regions of
clusters can be formed from more massive building blocks
(that are formed earlier) of the clusters. Physical implica-
tions of these results are discussed later in §4.3.
3.4 IGGCs
The present simulation do not allow us to make robust con-
clusions on the physical properties of GCs within group-scale
halos (Mh ≈ 10
13M⊙), because of the smaller GC number
per a group (less than 100 GCs for virialized halos with
Mh 6 10
13M⊙). However, it is still useful to provide some
qualitative results on the existence of intragroup GCs (IG-
GCs), given the fact that extensive survey to detect bright
ICGCs or UCDs in several groups of galaxies are ongoing by
using 2dF spectrograph (e.g., Drinkwater et al. 2005; Kil-
born et al. 2005). Fig. 15 demonstrates that ICGCs can be
formed in groups and the number fraction of IGGCs among
all GCs (fIGGCs) for this model is similar to fICGCs derived
for clusters. (∼ 0.3). The results of GC properties in groups
of galaxies (e.g., dependences of fIGGCs on Mh) will be pre-
sented in our forthcoming papers.
3.5 INGCs
Our previous paper (YB) has already described the results
of INGC formation in detail. However it would be important
for readers to compare the number fraction of INGCs with
that of ICGCs derived in this paper. Accordingly we here
briefly summarize the results (YB) as follows.
(i) INGCs comprise about 1% of all GCs formed at
z > 6 in galaxy-scale halos. These INGCs are formed as a
result of tidal stripping of GCs from subhalos during hierar-
chical structure formation through interaction and merging
of subhalos between z = 0 and z = 6.
(ii) INGCs at z = 0 were previously GCs located in the
-0.4 -0.2 0 0.2 0.4
-0.4
-0.2
0
0.2
0.4
X-axis (Mpc)
Figure 15. The same as Fig. 2 but for the group-scale halo with
Mh = 1.1× 10
13M⊙.
outer parts of lower mass subhalos, which are more suscep-
tible to tidal stripping and destruction during hierarchical
structure formation.
(iii) The number fraction of INGCs (fINGC) is larger for
Rtr,gc and this dependence can be seen both in the model
with initial GC density profile similar to the NFW one and
that with the power-law one with the slope of −3.5 (i.e.,
similar to the observed one of the Galactic GC system).For a
reasonable set of parameters (e.g., Rtr,gc and the FoF linking
length), fINGC can range from an order of 0.1% to 1%.
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Figure 16. Projected radial density profiles (normalized) for all GCs in the model CL1 (red), blue (thus possibly old) blue GCs around
NGC 1399 and ICGC candidates in the Fornax cluster (Dirsch et al. 2003; D03; blue), 62 UCDs in the cluster (Karick 2005; K05; green),
and 92 UCD/ICGC candidates in the cluster (Firth et al 200; F06; magenta). For comparison, the density profile of 105 GCs with the
“NFW” profile (model 15 in Navarro et al. 1996) in the cluster is plotted by a black line. In order to more clearly see the slopes of the
profiles, the observed profiles (D03, K05, and F06) are vertically shifted in a somewhat arbitrary fashion. Thin dotted lines represent
power-law slopes (α) of α = −2.5, −2.0, −1.5, and −1.0.
4 DISCUSSION
4.1 Comparison with observations
Recent observational studies based on wide-field imaging of
GC systems (GCSs) have revealed structural properties of
GCs not only around giant galaxies (e.g., Rhode & Zepf
2004) but also across the central regions of clusters of galax-
ies (e.g., Dirsch et al. 2003; Bassino et al. 2006; Tamura et
al. 2006; West et al. 2006). Furthermore recent observations
using Two-Degree Field (2dF) 400-fiber spectrograph on the
Anglo-Australian Telescope have discovered not only UCDs
but also possible candidates of ICGCs (Drinkwater et al.
2003; Firth et al. 2006). Since these observations cover the
GC density distributions at most for the central 200 − 300
kpc of a cluster of galaxies (e.g., Bassino et al. 2006), the
simulated GC distributions over the entire regions in clus-
ters of galaxies (i.e., Mpc-scale) can not be compared with
the observations in a fully self-consistent manner. However,
it would be important to investigate how well the simulated
GC profiles can match with the observed central GC pro-
files in clusters of galaxies, because this investigation may
well enable us to assess the viability of the present formation
model of ICGCs.
Figure 16 shows the comparison between the observed
density profiles of GCs around NGC 1399 (Dirsch et al.
2003; D03), UCDs (Karick 2005; K05), and ICGC/UCD
candidates (Firth et al. 2006; F06) in the central region
(< 200kpc) of the Fornax cluster and the simulated one
for all GCs including ICGCs and galactic GCs in the model
CL14 with the total mass similar to that of the Fornax clus-
ter. For comparison, the radial profile of GCs that have the
NFW density profile (model 15 in NFW) reasonable for the
Fornax cluster is also shown in this figure. It is clear from
this figure that (1) both simulated and observed GC profiles
are significantly steeper than that of the NFW profile, (2)
the profile of GCs in D03 is slightly shallower than that of
UCDs in K05 (and ICGC/UCDs in F06), and (3) the sim-
ulated profile can be overall consistent with the results of
K05 and P06 and with that of D03 in the inner part of the
Fornax cluster.
The derived steeper profiles, which can be seen in mod-
els with different MCL, can be due to the truncation of GC
formation at high z modeled in the present study. Because
of the lack of extensive observational studies of GC density
profiles in variously different clusters of galaxies, it still re-
mains unclear whether such steeper density profiles of GCs
are universal rather than exceptional for the Fornax cluster.
Previous theoretical and numerical models of GC formation
with the truncation of GC formation at high z were sug-
gested to be more consistent with observed GC properties,
such as the color bimodality of galactic GCs and the ra-
dial density profile of the Galactic GCS (e.g, Beasley et al.
2002; Santos 2003; Bekki 2005; Moore et al. 2005). We ac-
cordingly suggest that future observations on GC density
profiles in different clusters are quite important for proving
the truncation of GC formation at high z by some unknown
cosmological processes (e.g., reionization).
4.2 Metallicity distribution function of ICGCs
Recent theoretical studies based on semi-analytic models
(e.g., Beasley et al. 2002) and on high-resolution cosmo-
logical simulations (e.g., Rhode et al. 2005; Bekki et al.
2006) have started providing some theoretical predictions
on GCS properties (e.g., relations between physical proper-
ties of GCSs and those of their host galaxies) in a hierar-
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chical clustering scenario of galaxy formation (See Brodie
& Strader 2006 for a recent review). However these studies
have not yet provided useful predictions on ICGC physical
properties (e.g., metallicity distributions functions that are
referred to as MDFs in this paper) that can be compared
with previous/ongoing observations of ICGCs (e.g., Hilker
2002; West et al. 2006). In particular, the observed color dis-
tributions of ICGCs, which contain information on metallic-
ities of ICGC and thus on chemical evolution histories of
ICGCs and their defunct host galaxies, can be important to
be compared with the present results.
The methods to investigate MDFs of ICGCs and GCs
within galay-scale halos in clusters of galaxies are described
as follows. Firstly we allocate metallicities (Zgc) to GCs
within a virialized halo with the total mass (Mh) and the
baryonic one (Mb) at z = ztrun by assuming a reasonable
relation between Zgc and Mb (and Mb/Mh). We here adopt
the observationally suggested Zgc − Mb relation by Peng
et al. (2006) that is described as Zgc ∝ Mb
0.5 (for a con-
stant stellar mass-to-light-ratio). Since we do not have ob-
servational data sets that can give strong constraints on the
Zgc − Mb relation at high redshifts, we consider that the
adopt relation is a reasonable first step for better under-
standing MDFs of GCs in the CDM model. Secondly, we
follow the dynamical evolution of GCs with different Zgc
until z = 0, and then investigate Zgc of ICGCs and galactic
GCs in halos identified as clusters of galaxies.
Fig. 17 shows that the MDF of ICGCs in the model CL1
is significantly different from that of GCs within galaxy-scale
halos (GGCs) in the cluster in the sense that the MDF of
ICGCs has a much higher fraction of metal-poor ([Fe/H]
< −1.6) GCs than that of GGCs. The mean [Fe/H] for
ICGCs, GGCs, and all GCs are −1.45, −1.12, and −1.21, re-
spectively, in this model. The ICGC MDF does not show the
remarkable bimodality that is observationally suggested to
be common in bright galaxies (e.g., Brodie & Strader 2006).
Interestingly, the MDF of GGCs shows relatively clear bi-
modality in this model without no GC formation via star
formation at z < 6. The reason for the high fraction of metal-
poor GCs in the ICGC population is that ICGCs originate
from lower mass galaxy-scale halos that can be more eas-
ily destroyed by the cluster tidal to disperse their GCs into
intracluster regions.
By using relations between colors and metallicity (e.g.,
Barmby et al. 2000), we can convert MDFs of ICGCs into
their color distributions that can be compared with ongoing
and future observations. The derived peak of [Fe/H] ∼ −1.6
corresponds to V −I ∼ 0.9, which is roughly consistent with
the observed peak value of ICGC candidates for the “region
2” in the Centaurus cluster of galaxies (Hilker 2002). Be-
cause of the linear dependence of V − I on [Fe/H] in the
adopted V − I-[Fe/H] relation (Barmby et al. 2002), the
simulated MDF of ICGCs can not be consistent with the
observed MDF similar to a Gaussian profile for ICGC can-
didates in the Centaurus cluster (Hilker 2002). This appar-
ent inconsistency is due largely to the derived large fraction
of metal-poor GCs in the simulated ICGC populations. It
should be here noted that the observed MDF also shows no
remarkable bimodality: It however remain unclear whether
such an unimodal distribution is an unique character in
MDFs of ICGCs.
Although the above apparent inconsistency between ob-
Figure 17. The simulated metallicity distribution functions
(MDFs, normalized) for ICGCs (red and solid), galactic GCs
(GGCs, blue and dotted), and all GCs (green and dashed) in
the model CL1 for Mh/Mb = 20 and Zgc = 0.0029 (or [Fe/H]=
−0.84) in galaxy-scale halos with Mb = 6 × 10
10M⊙. Note that
the ICGC MDF does not show remarkable bimodality.
servations and simulations in MDFs (or color distributions)
of ICGCs may well result either from numerical resolutions
of the present study (i.e., not enough high-resolution to
properly treat low-mass halos susceptible to tidal destruc-
tion) or from some uncertainties in the modeling of initial
Zgc −Mb relations, this inconsistency most likely suggests
that formation of GCs at high z in low-mass halos (or galax-
ies), where most low-Zgc ICGC originate from, needs to be
suppressed in order to explain more self-consistently obser-
vations. It is however unclear what physical mechanisms are
responsible for such preferential suppression of GC forma-
tion in low-mass halos. We thus plan to investigate whether
theoretical models with the preferential suppression of GC
formation can better explain the observed MDFs of ICGCs
by using more sophisticated and higher-resolution numerical
simulations.
In the present models, all ICGCs are initially within
galaxy-scale halos at very high redshifts (z > 6) and later
can become ICGCs owing to tidal stripping of GCs from the
halos during slow hierarchical growth of clusters of galaxies
via halo merging (See Fig. 3). GCs within the halos therefore
can have enough time to be dynamically influenced by the
tidal fields of the halos and galaxies embedded in the halos
before they are stripped to form ICGCs. Recent dynamical
studies of GCSs in galaxies have demonstrated that tidal
fields of galaxies are highly likely to destroy preferentially
low-mass GCs so that luminosity functions (LFs) of GCs can
have log-normal shapes rather than power-law ones (e.g.,
Fall & Zhang 2001). If this result can be applied to GCs
in galaxy-scale halos that are building blocks of clusters of
galaxies, LFs of ICGCs are highly likely to have log-normal
shapes. We thus suggest that the observed LFs of ICGCs
can provide some clues for a question as to whether ICGCs
were initially within galaxy-scale halos at high z.
4.3 Origin of high SN of Es in clusters
It is well known that giant Es in the central regions of some
clusters of galaxies (e.g., M87 in the Virgo and NGC 1399
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in the Fornax) have much higher SN (> 10) in comparison
with field Es (e.g., Harris 1991; West et al. 1995; Forbes et al.
1997). Forbes et al. (1997) found that Es with high SN have
higher number ratios of metal-poor GCs (MPCs) to metal-
rich ones (MRCs) and accordingly suggested that the sec-
ondary formation of MRCs does not explain clearly the ori-
gin of very high SN in some cluster Es. West (1993) proposed
that the observed high SN of central Es in rich clusters can
be naturally explained if GCs can form more efficiently in
rare high-density peaks of primordial matter distributions.
This “biased GC formation scenario” was suggested to be
consistent with the observed dependence of SN on environ-
ments (e.g., mean galaxy density) and galaxy types (West
1993).
The present study has shown that a large fraction (up
to 36 %) of old GCs formed before z = 6 can be within the
central 50 kpc of clusters, though the GC number can be
quite different between clusters with different Mcl. For ex-
ample, the model CL1 shows NGC,0.05 of 1098, which means
that about 16 % of all GC particles are located within the
central 50 kpc of the cluster. If the cluster has a central
giant E with the luminosity similar to M87 (≈ −22.7 mag
in V -band; West et al. 1995), this result can be interpreted
as the cluster having the central E with 15350 GCs and SN
of ≈ 13.4 (See the Table 1 in West et al. 1995). As shown
in the present simulations, the origin of a large number of
GCs confined in the central region of a cluster is closely
associated with the fact that the cluster central region is
formed by hierarchical merging of halos which were virial-
ized at very high redshift (z > 6) and thus contained GCs.
Thus the present simulations imply that the origin of very
high SN of giant Es in the central regions of clusters can be
understood in terms of the growth processes of the clusters.
The present study has also shown that NGC,0.05 is
different by a factor of 13 between different clusters (for
MCL > 10
14M⊙). This result may well provide physical ba-
sis for the West et al’s (1995) scenario that the significant
difference in SN between central giant Es in clusters is due
to the difference in number of GCs trapped by cluster po-
tential (rather than galaxy one) between different clusters.
We suggest that the difference in the GC number can result
from the differences in the growth histories of clusters via
hierarchical merging:If a cluster is formed from a larger num-
ber of smaller halos that were virialized before ztrun (thus
could have old GCs), it shows a higher SN in its central gi-
ant E(s). The derived weak dependence of NGC,0.05 on MCL
will be able to be tested against observational results based
on wide-field photometric studies of GCs in clusters (e.g.,
Dirsch et al. 2003)
4.4 Formation of flatter GC density profiles in
central giant Es in clusters
It has long been known that the radial density profiles of
GCSs (ΣGC(R)) in elliptical galaxies vary with the total
luminosities of their host galaxies (e.g., Ashman & Zepf
1998). Observations show that if ΣGC(R) is described as
ΣGC(R) ∝ R
α, α range from ∼ −2.5 (for lower luminosity
Es) to ∼ −1 (for higher). The key point here is that very
bright cluster Es with MV < −22 mag (e.g., M87) have
very flat distributions with α > −1.5. Previous theoretical
studies have pointed out that destruction of GCs is a key
physical process that controls the radial profiles of GCSs
(e.g., Baumgardt 1998; Fall & Zhang 2001; Vesperini et al.
2003), and some of these suggested that the very flat GC
profiles for giants Es in clusters (e.g., M87) is due to GC
destruction processes (e.g., Vesperini et al. 2003).
An alternative scenario has been proposed by Bekki &
Forbes (2006), in which the radial density profiles of GCSs
in Es become progressively flatter as the galaxies experi-
ence more major merger events. The expected effect of de-
struction mechanisms on the GC luminosity function with
galactocentric radius was not found in the detailed stud-
ied by Harris et al. (1998) of M87, which implies that the
former scenario is not so promising. However it remains un-
clear which of the above two scenarios is more realistic and
convincing.
The present study has shown that the radial profiles
of GCs in the central regions of clusters can become quite
flat (−1.5 < α < −1.0) without any destruction mechanisms
of GCs around Es. This result may well lend support to
the latter scenario of the above two (i.e., Bekki & Forbes
2005), though the present model does not consider (1) the
formation of Es in the central regions of clusters and (2)
the contribution of MRCs (which could be less than 30% in
number of Es with high SN) to the GC density profiles.
We accordingly suggest that the observed flat GC dis-
tributions of cluster giant Es are closely associated with the
formation processes of the cluster central regions (thus cen-
tral giant Es) via hierarchical merging. Since the merging
histories of clusters are different in different clusters, the ob-
served appreciable differences in α between cluster Es (Ash-
man & Zepf 1998) could be due to the different merging
histories of clusters.
4.5 UCDs as nuclei of oldest galaxies
One of the promising scenarios of UCD formation is the
“galaxy threshing” one (Bekki et al. 2001, 2003) in which
dE,Ns can be transformed into UCDs owing to complete
tidal stripping of outer stellar envelopes of dE,Ns by strong
tidal field of clusters of galaxies. In this scenario, dE,Ns
that are transformed into UCDs are required to have higher
eccentricity and pericenter distances of their orbits. This
requirement naturally explain the observational result that
bright UCDs in the Fornax cluster are confined within the
central 200 kpc of the (Drinkwater et al. 2000; Bekki et
al. 2003). In order for the threshing scenario to be consis-
tent with the observed number of UCDs, clusters of galaxies
should contain a large number of dE,Ns that could be pro-
genitor galaxies of UCDs. Observations revealed that (1)
dEs located near the center of the Virgo cluster are mostly
nucleated and (2) only a fraction of dEs located outside the
cluster core radius are non-nucleated (Binggeli & Cameron
1991). The threshing scenario alone has not yet explained
why dEs are mostly nucleated in the central regions of clus-
ters of galaxies.
The present study has shown that (1) cluster GCs at
z = 0 originating from GNs of massive galaxy-scale halos
(Mh ≈ 10
11M⊙) at high redshifts have compact distribu-
tions and (2) GCs formed in halos virialized at very high
redshift (z > 10) can be located preferentially in the cen-
tral regions of clusters at z = 0 (See Fig. 14). Although
cluster GC distributions can not be directly compared with
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UCD ones, these results may well imply that if UCDs were
nuclei of dE,Ns formed in the massive halos virialized at
very high redshifts and later became cluster member galax-
ies, then they can have very compact distributions in clusters
at z = 0: The origin of the observed compact distributions
of UCDs (and dE,Ns) can be due to the earlier formation
of massive dE,Ns in comparisons with non-nucleated dEs.
This somewhat speculative explanation needs to answer the
question as to why massive halos virialized at very high red-
shift can develop stellar nuclei in their central regions and
consequently become nucleated galaxies. We suggest that
higher mass densities in halos virialized at earlier epoch can
be responsible for more efficient nucleus formation either by
merging of star clusters or by some dissipative mechanism
in galactic centers (Oh & Lin 2000; Bekki et al. 2004; Bekki
et al. 2006).
4.6 Reionization and GC properties in clusters
Recently several authors have discussed (1) whether reion-
ization can trigger or suppress the formation of globular clus-
ters (e.g., Cen 2001; Santos 2003) and (2) what observational
properties of GCSs in galaxies have fossil information of the
reionization influence on GC formation (Bekki 2005). These
studies proposed that SN of MPCs in giant Es, the color
bimodality of GCSs, and the projected radial density profile
of GCSs can be influenced by reionization, if reionization
can suppress GC formation in subgalactic clumps (i.e., pro-
genitors of dwarf galaxies). These previous studies however
did not discuss at all whether physical properties of GCs
(i.e., radial distributions of ICGCs) in clusters of galaxies
can have fossil records of reionization influence on GC for-
mation in clusters.
The present study has shown that the spatial distri-
butions of GCs in clusters depend strongly on ztrun in the
sense that the cluster models with higher ztrun show more
compact GC distribution. This result implies that if ztrun is
physically related to the epoch of the completion of reion-
ization (zreion), after which GCs formation is strongly sup-
pressed, the GC density distributions in clusters can have
some valuable information on zreion. Very deep ‘all-object’
spectroscopic surveys centered on some clusters are required
for identifying cluster member GCs and thereby investigat-
ing radial density profiles of GCs. This type of observa-
tions might well be formidable tasks for 8m-telescopes with
multi-object spectrograph and wide-field imaging facilities.
Systematic observational studies of radial density profiles of
cluster GCs by such telescopes will enable us to discuss dif-
ferences in reionization influences on GC formation between
different clusters and thus to understand better the origin
of cluster GCs.
5 CONCLUSIONS AND SUMMARY
We have investigated radial density profiles and kinematics
of GCs located in clusters with the total masses (MCL) larger
than 1014M⊙ based on high-resolution cosmological N-body
simulations with a formation model of old GCs. Although
YB has already described some preliminary results for only
one cluster model, this paper first discussed the dependences
of physical properties of ICGCs onMCL based on the results
on 14 cluster models. We summarize our principle result as
follows.
(1) GCs located outside the tidal radii of galaxy-scale
halos in clusters of galaxies are formed owing to tidal strip-
ping of GCs initially within smaller halos during hierarchi-
cal growth of clusters via halo merging. These intracluster
GCs (ICGCs) comprise 20-40 % of all GCs in clusters with
1.0× 1014M⊙ 6 MCL 6 6.5× 10
14M⊙ and the number frac-
tion (fICGC) does not depend on MCL for the above cluster
mass range.
(2) The projected radial density profiles (ΣGC) of all
GCs in clusters with different MCL can be diverse. If
ΣGC(R) ∝ R
α, α ranges from ≈ −1.5 to ≈ −2.5 for GCs
in clusters with the above mass range. ΣGC is more likely
to be significantly flatter in ICGCs than in GCs located in
virialized galaxy-scale halos (i.e., GGCs) in clusters. There
are no remarkable difference in kinematical properties (e.g.,
Vr distributions) between GGCs and ICGCs.
(3) Two-dimensional distributions of ICGCs are inho-
mogeneous, asymmetric, and somewhat elongated, in partic-
ular, in the outer parts of cluster for most models. The sim-
ulated inhomogeneous distributions of ICGCs suggest that
observations based on wide-field imaging of GCs in clusters
are doubtlessly worthwhile to understand real radial distri-
butions of ICGCs.
(4) Although total number of GCs within the central
0.05 Mpc (NGC,0.05) and 0.2 Mpc (NGC,0.2) are diverse in
different clusters, they can depend weakly on MCL in such
a way that both NGC,0.05 and NGC,0.2 are likely to be larger
for clusters with largerMCL. This result implies that central
giant ellipticals (Es) in more massive clusters are likely to
show a larger number of old, metal-poor GCs compared with
those in less massive clusters. This result also provides a new
clue as to why some central Es in clusters show high SN.
(5) ΣGC of all GCs in the central 200 kpc in clusters
is also diverse with the slopes α ranging from ≈ −1.0 to
≈ −2.0. The derived flat distributions of GCs in the central
region of clusters suggest that the origin of the observed flat
distributions of GCs around central giant Es in clusters (e.g.,
M87 in the Virgo) can be understood in terms of hierarchical
growth processes of the cluster central regions via merging
of halos with old GCs.
(6) The distributions of GCs depends on ztrun, after
which GC formation is assumed to be truncated by some
physical processes at high redshifts. For example, the pro-
jected radial GC distributions are more compact and steeper
for the cluster models with higher ztrun. ICGC fraction can
be smaller for the models with higher ztrun. This result sug-
gests that if the suppression mechanism of GC formation
is due to reionization (Santos 2003; Bekki 2005; Moore et
al. 2005), the GC distributions in clusters can provide some
useful constrains on the epoch of reionization.
(7) If ultra-compact dwarf galaxies (UCDs), which can
be regarded as very massive INGCs, originate from nuclei
of nucleated dwarfs (dE,Ns) that were virialized very high z
(z > 10), the origin of the observed compact spatial distri-
butions can be more clearly understood.
(8) About 1% of all GCs formed before z > 6 are not
located within any virialized galaxy-scale, group-scale, and
cluster-scale halos and thus can be regarded as INGCs that
are freely drifting in intergroup and intercluster regions.
This result is already discussed extensively by YB. Physi-
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cal properties (e.g., metallicity distributions and luminosity
function) of these intergroup and intercluster GCs can be
quite different from those of GCs within galaxies.
(9) The mean metallicity of ICGCs in a cluster can
be smaller than that of GCs within the cluster member
galaxy-scale halos by ∼ 0.3 in [Fe/H]. Metallicity distribu-
tion functions (MDFs) of ICGCs show peak values around
[Fe/H] ∼ −1.6 with a higher fraction of metal-poor GCs
(with [Fe/H] < −1.6). The MDFs do not have remarkable
bimodality that is observationally suggested to be common
features of MDFs in bright galaxies.
(10) Radial density profiles of ICGCs and galactic GCs
in clusters of galaxies can be significantly steeper than those
of the background dark matter halos in the central regions
(R < 200kpc) of the clusters with differentMCL. This is due
mainly to the truncation of GC formation at high z (> 6)
in the simulations. The simulated GC profiles can be overall
consistent with latest observations on radial density profiles
of GCs and UCDs in the Fornax cluster of galaxies.
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APPENDIX A: IDENTIFICATION OF
GALAXY-SCALE HALOS IN CLUSTERS
We adopted the following method in order to identify
galaxy-scale halos in a cluster-scale halo. Firstly, we inves-
tigate the mass density (ρi) around each (i-th) particle in
a cluster-scale halo and thereby sort out ρi for all particles
in the cluster (i.e., the particle with highest ρi is the first
and that with the lowest is the last in order). Secondly, by
assuming that the particle with the highest ρi can be the
“nuclear particle” which is located in the central region of a
subhalo, we identify this nuclear particle. Thirdly, we look
for the tidal radius RT (which is described in the Appendix
B in detail) for this subhalo, and particles within RT are re-
garded as being the member particles of this halo. Fourthly,
we assume that the particle with the second highest ρi is the
nuclear particle of an another subhalo and thereby look for
the member particles of the halo. This process is repeated
for 3rd, 4th, etc. until every galaxy-scale halos are found.
The GC and GN (“galactic nucleus”) particles that do not
belong to any subhalos are identified as ICGCs (intraclus-
ter GCs). We have confirmed that this method enables us
to correctly identify subhalos though the above first process
can be time-consuming in some cases.
APPENDIX B: METHODS TO DETERMINE
TIDAL RADII OF GCSS IN GALAXY-SCALE
HALOS
In order to select ICGCs from GCs in a cluster-scale halo,
we need to find GCs outside the tidal radii (Rt) of GCSs
in galay-scale halos in the cluster. Because of tidal stripping
of dark halo particles and GC ones, the radial density pro-
files of the outer parts of galaxy-scale halos can much more
steeply decrease than dynamical equilibrium models predict.
We define Rt of a GCS as the radius beyond which the ra-
dial density profile of the GCS (ρGC(r)) drops much more
sharply than the CDM model predicts. The universal den-
sity profiles of dark matter halos are predicted by extensive
cosmological simulations such as Navarro, Frenk, & White
(1996; hereafter NFW) and the NFW profile is described as:
ρ(r) =
ρs
(r/rs)(1 + r/rs)2
, (B1)
where r, ρs, and rs are the distance from the center of
the dark matter halo, the characteristic density, and the
scale-length of the dark halo, respectively. This NFW profile
means that if dark matter halo density profiles are described
as rγ for the outer parts (r ≫ rs), γ ≈ −3. By assuming that
ρGC(r) ∝ r
β for a GCS in a galaxy-scale halo, we first es-
timate the radius where β becomes smaller than −5 (which
is significantly smaller than −3 in the outer NFW profile),
and then regard the radius as RT.
RT determined in the above way for a galaxy-scale halo
in a cluster would not be exactly the same as the tidal radius
that can be determined from the total mass of the cluster
and the mass and the orbital eccentricity of the galaxy-scale
halo (e.g., Faber & Lin 1983). However, we consider that the
method described above is much more practical and thus
better, because (1) observational studies can find RT for
each individual GCS in the same way as the present simula-
tion does so that we can compare simulations with observa-
tions in a fully self-consistent manner and (2) it is currently
impossible to observationally determine the orbital eccen-
tricity of each individual halo with respect to the cluster
center owing to lack of proper motion data for cluster GCs.
Since this new method of determining RT is based solely on
the positions of GCs, we can efficiently find ICGCs that are
outside RT of any galaxy-scale halos in a cluster.
Based on the above method to determine RT, we inves-
tigate total number of GCs within each individual halo in
each cluster model (CL1-14). Fig. B1 shows the “GC num-
ber (NGC) function” (like galaxy luminosity function) for
galaxy-scale halos in the cluster CL1 at z = 0 and for all
galaxy-scale halos at z = 6. This NGC function describes
howmuch fraction of galaxy-scale halos contain a given num-
ber of GCs. As shown in Fig. B1, the NGC function depends
on redshifts in the sense that a larger fraction of galaxy-scale
halos can have more than 100 GCs within their tidal radii
at z = 0 as a result of hierarchical merging. Some halos in
Fig. B1 show ∼ 1000 GCs within their tidal radii, and these
halos are the central giant ones in the cluster CL1.
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Figure B1. The GC number (NGC) function for the cluster CL1
at z = 0 (solid) and all halos at z = 6 (dotted). A clear evolution
of the NGC function can be seen between z = 6 and 0.
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Figure C1. The dependence of number fraction of INGCs
(fINGC) on fgc. Note that the results do not depend on fINGC
for fINGC > 0.1.
APPENDIX C: DEPENDENCES OF THE
RESULTS ON FGC
This parameter fgc can set the level of statistical sampling
of the GCs in the present simulations. To show the robust-
ness of the present results, we investigated the models with
different fgc and the Fig. C1 shows one example of the fgc-
dependences of the results. As shown in Fig. C1, fINGC
(number fraction of intergalactic GCs) does not depend on
fgc for fgc > 0.05− 0.1. Considering that the baryonic frac-
tion of halos (thus GC mass fraction) can be at most 0.2,
the above result suggests that reasonable values of fgc should
be 0.1− 0.2 in the present simulations. We confirm that the
present results do not depend on fgc for 0.1 6 fgc 6 0.2.
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